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Nitrogen (N) accumulation rates in peatland ecosystems indicate
significant biological atmospheric N2 fixation associated with
Sphagnum mosses. Here, we show that the linkage between meth-
anotrophic carbon cycling and N2 fixation may constitute an impor-
tant mechanism in the rapid accumulation of N during the primary
succession of peatlands. In our experimental stable isotope enrich-
ment study, previously overlooked methane-induced N2 fixation
explained more than one-third of the new N input in the younger
peatland stages, where the highest N2 fixation rates and highest
methane oxidation activities co-occurred in the water-submerged
moss vegetation.
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Peat-accumulating wetlands, i.e., peatlands, store approxi-mately 30% of the global soil carbon (C) (1), and this value is
even higher if the permafrost regions in the Northern Hemi-
sphere are also taken into account (2). As peat accumulates, the
ecosystem becomes independent of the groundwater influence
and the vegetation becomes more nutrient limited. This gradual
succession from minerotrophic fen to Sphagnum-dominated
ombrotrophic bog ecosystem is the general peatland development
pattern. Because the growth and decomposition rates of Sphag-
num mosses are greatly responsible for the C biosequestration in
peatlands, the ecology of Sphagnum mosses is of particular in-
terest. Recent studies have shown that Sphagnum mosses have an
association with methanotrophic bacteria that leads to a reduction
in methane (CH4) emissions to the atmosphere and the provision
of additional carbon dioxide (CO2) source for the host plants (3,
4). However, the growth of Sphagnummosses in peatlands is often
N limited, at least under low atmospheric N deposition (5), so
biological fixation of atmospheric N2, i.e., the biological conver-
sion of dinitrogen to plant-available ammonium, may stimulate
moss growth (6). Under low atmospheric N deposition, moss-as-
sociated cyanobacteria have been shown to play an important role
in the N budget in forests (7, 8) and peatlands (9), where N2 fix-
ation is favored by moist conditions. In peatlands, however, mo-
lecular analyses of genes that encode nitrogenase reductase
proteins (nifH) in Sphagnum mosses have indicated that moss-
associated N2 fixers (diazotrophs) belong mainly to the meta-
bolically diverse class Alphaproteobacteria (10), which includes
phototrophic, heterotrophic, and methanotrophic genera.
In previous studies, N2 fixation rates in peatlands have been
found to correlate with the minerotrophy of peatlands, in particular
with the level of phosphorus (P) (11), but the nutrient controls of
N2 fixation have not been linked to peatland succession toward the
bog stage. Further, in these studies, N2 fixation has been measured
by using acetylene reduction assay (12), which does not provide
a quantitative measure of N added to the system, because it inhibits
the activity of many noncyanobacterial diazotrophs, but specifically
methanotrophic bacteria by inactivating the essential methane
monooxygenase enzyme (13). This inhibition is a serious drawback,
because a broad range of methanotrophic bacteria contains genes
that code for the N2 fixation pathway and shows nitrogenase ac-
tivity (11, 14, 15). Because of this methodological problem, the role
of methanotrophic N2 fixation and the relationship of N2 fixation
with C cycling have not previously been evaluated at an ecosystem
scale. The elucidation of the linkage between methanotrophy and
the overall N cycle in peatlands becomes feasible by the application
of stable isotope (15N2) techniques (8, 16).
We studied N2 fixation and CH4 oxidation in the dominant
flark and hummock vegetation of 12 pristine peatlands, which
varied in age from 200 to 2,500 y due to still ongoing postglacial
rebound on the coast of Bothnian Bay, Finland (Fig. 1 and Table
S1). Together with the Hudson Bay Lowlands in Canada, the
Bothnian Bay of the Baltic Sea between Finland and Sweden is
the region where the rebound after the pressure of ice mass and
the consequent formation of new land from the sea is most rapid.
This chronosequence of peatlands offers an exceptional oppor-
tunity to study the links between N and C cycling over an un-
disturbed peatland gradient.
In young peatlands, unstable hydrological conditions are likely to
result in low CH4 emissions and, thereby, small methanotrophic
communities (17). As the hydrological conditions become more
stable in the later successional stages with increasing peat depths,
CH4 emissions increase (18). High CH4 emissions have been linked
to minerotrophic fen stages, in which the dense sedge vegetation
readily provides substrate for methanogenesis, whereas in ombro-
trophic bogs characterized by Sphagnum mosses and dwarf shrubs,
the rates of decomposition and substrate supply for the CH4 pro-
duction are slow (19). However, the ranges for Sphagnum hosted
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CH4 oxidation rates in minerotrophic fens and ombrotrophic bogs
have been found to overlap (4). It has been hypothesized that
despite the low inorganic N concentration in bogs, CH4 oxidation is
not N limited because methanotrophic N2 fixation may compen-
sate for the N requirement of methanotrophic bacteria (20).
With reference to these factors, we hypothesized that (i) CH4
induces moss-associated N2 fixation, which would be most pro-
nounced in the late stages of peatland succession and (ii) the
overall N2 fixation rates along the peatland succession gradient
are governed by gradually changing environmental factors, such
as water table depth, availability of CH4 in the pore water, and
concentrations of P, iron (Fe), or molybdenum (Mo). The ra-
tionale for studying the role of Fe and Mo was that the two
methane monooxygenases (e.g., ref. 21) and all three nitrogenase
isoenzymes contain Fe, and one of the nitrogenase isoenzymes
contains Mo as a necessary cofactor (22). We tested the two
hypotheses in a 15N2 and
13CH4 pulse-labeling experiment, where
moss samples collected from flark and hummock habitats of four
successional peatland stages were incubated in situ with and
without CH4 addition, each under prevailing light conditions and
in the dark. These treatments were used to reveal whether N2
fixation was attributed to photosynthetic, heterotrophic, or
methanotrophic activity.
Results and Discussion
Fixation of N2 was found in the live parts of the Sphagnum
mosses in all of the studied moss patches. Although Sphagnum-
associated N2 fixation was observed in all of the study peatlands
of different successional stages, the process was significantly
higher (five- to ninefold) in the wet depressions (flarks) of the
midsuccessional mesotrophic fens compared with the other
successional stages, which consisted of younger meadows, older
oligotrophic fens and fen-bog transitions (Fig. 2A and Tables S2
and S3). When the summertime N2 fixation rates (0–126 nmol·g
−1
of moss biomass·h−1) were converted to annual areal values (0.1–
2.9 g of N·m−2·y−1; Fig. 2B), they were up to 10 times greater
than the current inorganic N deposition rates (0.3 g·m−2·y−1) for
the region. These annual values indicate that Sphagnum-associ-
ated N2 fixation is a major N input to boreal peatlands and, in
conjunction with atmospheric N deposition, explains the long-
term annual N accumulation rate (0.6–1.3 g·m−2; ref. 23) in the
studied peatland ecosystems (Fig. 2B). Our areal estimations for
fen stages and fen-bog transition are within the wide range of the
admittedly few estimates available for Sphagnum-associated N2
fixation in temperate, boreal, and subarctic ecosystems. These
range from 0.1–6.4 g of N·m−2·y−1 for fens (11, 16, 24) and 0.1–1
g·m−2·y−1 for bogs (9, 25). Nevertheless, our estimates may be
rough because of the large SEs and the extrapolation over time:
We assume a 6-mo active season, but substantial heterotrophic
microbial activity in addition to phototrophic activity could
occur during winter. At these sites, 30–65% of annual moss
growth occurs during the October–April period, outside the
traditionally defined growing season (26).
In all studied peatland stages except wet meadows, incubation
under prevailing light conditions resulted in enhanced N2 fixa-
tion, on average threefold in comparison with the dark treat-
ments, which suggests that phototrophic organisms may be the
most active N2 fixers or that photosynthesis provides carbohy-
drates to fuel heterotrophic N2 fixers (Fig. 2A). Methane-induced
N2 fixation contributed approximately 40% (33–47%) of the N2
fixation in the three younger peatland stages, but was negligible
in the fen-bog transition stage (Fig. 2 A and B). Thus, the hy-
pothesis of a larger methanotrophic contribution to N2 fixation
in late successional stages was not supported. The rate of the
biomass incorporation of 13CH4-derived C indicated that moss-
associated methanotrophy was also highest in mesotrophic fens
and continued at moderate rates in the flarks of the older stages
(Fig. 2C), where CH4 addition did not enhance N2 fixation. The
meadows showed significantly lower CH4 oxidation rates com-
pared with the other stages (Table S2). A comparison of the
successional patterns of N accumulation and N2 fixation (Fig. 2B)
provides further evidence of the ecological and biogeochemical
importance of N2 fixation and methanotrophic N2 fixation during
peatland development. Based on peat profiles from our sites, 70%
of N and 40% of C accumulated during the first 1,000 y of the
2,500-y period (23), a period during which N2 fixation peaked and
had the strongest response to CH4 addition. This pattern implies
that methanotrophic N2 fixation contributes to rapid N accu-
mulation in the fen stages. The predicted warming conditions in
the northern latitudes (27) may impact on boreal peatland
development in two ways: At the southern limit of permafrost,
melting is promoting a reverse succession from ombrotrophic
bog to fen ecosystem, whereas at the southern border of the fen
region (aapamires, wet fen-dominated peatland complexes)
drainage due to increased evapotranspiration may accelerate
ombrotrophication, i.e., succession toward bog ecosystem (28).
Our results indicate that these successional changes are likely
to lead to changes in N2 dynamics.
Based on the growth rates of Sphagnum species at our sites
(26) and site-specific N content of the Sphagnum species (Table
S4), we estimate that N obtained by N2 fixation could correspond
to an average 37 ± 18% (mean ± SEM, range 4–58%, n = 6) of
the moss biomass N increment. This proportion is in agreement
with the recent estimate of 35% for Sphagnum riparium, inferred
from N content and growth rate in a 2-mo laboratory experiment
(6). Despite the low absolute areal rate of N2 fixation in the older
mainly rainwater-fed stages (fen-bog transitions), where moss
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Fig. 1. Carbon (left axis downward) and nitrogen (right axis downward) accumulation rates during the 2,500-y primary succession of Siikajoki peatlands from
meadows, mesotrophic fens, and oligotrophic fens toward fen-bog transitions on the land-uplift coast of the Bothnian Bay (age cohorts SJ2–SJ5; ref. 23). The
error bars are SD. The estimates of site age means are based on the land-uplift rate (meadows and mesotrophic fens) or on radiocarbon dating (oligotrophic
fens and fen-bog transitions); m a.s.l., meters above sea level; BP, before present.






growth rates (26) and N contents further suggests that the pro-
portion of fixed N of the new biomass N increment may increase
to 58%. The rest of the N is, we presume, being taken up as in-
organic ions and organic N, or recycled to new growth from older
parts of the moss shoot (29). The time scale at which N fixed in the
moss becomes available for the moss host and for other plants may
range from fast exchange over a time span of days (6, 11) to slower
nutrient release from decomposing Sphagnum litter over a period
of years.
Our results showed faster CH4-C biomass incorporation in light
than in dark (Fig. 2C), which suggests that mosses fixed additional
CH4-derived CO2 during photosynthesis. The contribution of
CH4-derived C was 26% in light, but 10% in dark (calculated as
above for N) for Sphagnum C in the flarks. In hummocks, where
CH4 and CO2 concentrations are at atmospheric levels, CH4-de-
rived C contributed to only 0–3% of the incorporated C in light
and dark. These findings indicate that CH4 can be a significant C
source for submerged Sphagnum, supporting the results of pre-
vious studies (3, 4).
The moss ratios of N:P, C:N, and C:P, integrated indices of
nutrient availability, showed decreasing ratios with increasing N2
fixation activity (Spearman ρ −0.32, −0.61, and −0.54, for N:P,
C:N, and C:P, respectively, P < 0.003). The successional pattern in
N2 fixation rates was best explained by P availability (Fig. 3 and
Tables S4 and S5). The highest rates of N2 fixation were associated
with the lowest moss N:P ratios, being lower than the threshold for
N limitation in soil microbes (N:P < 7:1; ref. 30). Thus, N2 fixers
were able to respond to N demand relative to P supply, as shown
(e.g., ref. 31). In the older stages, N:P ratios indicated that plant
growth was limited by P (32), yet active moss associated N2 fixa-
tion persisted there as well (Figs. 2 and 3).
Although the moss P content was the sole significant predictor
of N2 fixation in the light treatment without CH4, the contribution
of CH4-induced N2 fixation was best explained by the combination
of the moss P and Fe contents (Table S5). Among the sampled
microhabitats, moss Fe content correlated strongly with the water
table depth below the moss capitula and pH (Table S4). Thus,
provided that P supply was sufficient, CH4-induced N2 fixation
correlated with CH4 oxidation (hypothesis 2; Fig. 3), but the rate
of CH4 oxidation as such was not the primary factor controlling
CH4-induced N2 fixation in these sites. The CH4 oxidation was, in
turn, best explained by the moss Fe content that depended on the
water table level (Fig. S1). Concurrent CH4 concentration in pore
water did not significantly correlate with N2 fixation (Spearman
rank correlation P = 0.96, n = 84) or biomass incorporation of
CH4-derived C (P = 0.16, n = 42).
Overall, our results demonstrate that methanotrophy and N2
fixation are tightly linked in the wet fen depressions and that
methanotrophic activity enhances N2 fixation (hypothesis 1).
However, because the interactions within the endosymbiotic
microbial communities complicate the analysis, we do not directly
interpret the experimentally observed dark, light-induced, and
CH4-induced rates as heterotrophic, phototrophic, and methano-
trophic N2 fixation. The experimental approach cannot distinguish
whether the CH4-induced N2 fixation equals methanotrophic N2
Fig. 2. Sphagnum moss-associated N2 fixation and CH4 oxidation (biomass
incorporation of CH4-derived C) in 12 peatlands of the peatland chronose-
quence (meadows, mesotrophic and oligotrophic fens, and fen-bog tran-
sitions) based on the stable isotope pulse-labeling experiment. The error
bars are SEM (n = 3 peatlands in each stage). (A) Contribution of dark
(heterotrophic, black), light-induced (phototrophic, white), and CH4-induced
(methanotrophic, cross-hatched) N2 fixation in flark (F) and hummock (H)
vegetation. The meadows have only flark Sphagnum. (B) The contribution of
CH4-induced N2 fixation (cross-hatched) to Sphagnum-associated N2 fixation.
Data are averages of light and dark incubations in 15N2 and
15N2+
13CH4
treatments, respectively, weighted with the proportions of flark and hum-
mock microhabitats in each successional stage. Long-term average peat N
accumulation rates for the sites (total accumulation divided by the year since
peatland initiation; ref. 23) is shown with filled circles. (C) Incorporation of
13CH4-C into the biomass (moss + microbes) based on the weighted averages
of flark and hummock microhabitats in each successional stage. In each bar,
the filled area indicates the incorporation of 13CH4-derived C in the dark (i.e.,
incorporation of CH4 into methanotroph biomass) and the open area indi-
cates the average additional incorporation of 13CH4-derived C under pre-
vailing light conditions (i.e., incorporation of CO2 emitted by methanotrophs
into autotrophic plant or microbial biomass via photosynthesis).
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fixation, because the observed CH4 induction may be, at least
partly, indirect. The higher CO2 concentrations that result from
CH4 oxidation inside the Sphagnum cells would enhance photo-
trophic N2 fixation (Fig. 4). Cell-level identification of the correct
nutritional mode of the N2 fixing organisms may require single cell
analysis, which is possible by using secondary ion mass spectrom-
etry. Similarly, dark and light-induced N2 fixation may not equal
phototrophic and heterotrophic N2 fixation, because light can in-
crease the cellular concentration of C substrates and oxygen, which
are to some extent essential to N2 fixation of aerobic heterotrophs.
In all, our findings imply that interlinks of N2 fixation and CH4
cycling constitute an important mechanism that fulfils the need
of new N and explains the rapid peat and N accumulation rates
during the fen stages of peatland development. Our results
further support the idea that N2 fixation is the primary mecha-
nism linking N and P availability, as suggested for terrestrial and
aquatic ecosystems (e.g., refs. 31 and 33). Both the N2 fixation
rates and the methanotrophic contribution to N2 fixation along
the peatland succession gradient were primarily governed by P
availability. The successional patterns of different microbial
groups involved in N2 fixation were further regulated by water
table level and Fe content, which controlled both the N2 fixation
and CH4 oxidation activities of the plant-associated bacteria. In
conclusion, moss-associated microbes may explain the domi-
nance of Sphagnum mosses in nutrient-poor peatlands: besides
providing an additional in-cell CO2 source for photosynthesis,
these microbial communities provide new N in the cold and
acidic environment where decomposition and nutrient recycling
are otherwise slow.
Materials and Methods
Field Site. The Siikajoki peatland chronosequence is a replicated primary
successional series of peatland ecosystems in the land-uplift coast of Bothnian
Bay, Finland (64° 45′N, 24° 42′E; refs. 23 and 34). Our study sites at Siikajoki
consisted of 12 peatlands that represent four successional stages, which vary
in age from 200 to 2,500 y (Fig. 1). Each stage had three replicates (Table S1).
The sites were located within 8 km on the coast of Bothnian Bay, where the
rate of land uplift is approximately 8 mm·y−1 due to ongoing postglacial
rebound (35). The mean annual temperature is 2.3 °C, and the mean annual
precipitation 521 mm. The inorganic N deposition rate in the region is 0.3
g·m−2·y−1 (36).
The peatlands, 0.5–1.5 ha in size, have developed in depressions between
sand dune formations with similar underlying soil (18, 37, 38). Along the
chronosequence, the vegetation changes from flooded Carex nigra and
Agrostis canina dominated meadows in the early stages to Carex-dominated
mesotrophic and oligotrophic fens and to fen-bog transitions where the bog
vegetation is characterized by an increasing cover of dwarf shrubs in hum-
mock surfaces. The moss layer in the meadows is sparse (total moss cover <
20%) and dominated by Warnstorfia spp. mosses, with a Sphagnum cover of
approximately 2%. In the fen and bog stages, Sphagnum mosses cover 50–
70% of the peat surface (total moss cover 55–90%): The fen stages show
a distinct development of microtopography with Sphagnum subsecundum
and Sphagnum majus dominated flarks (wet depressions) followed by
Sphagnum fimbriatum and then Sphagnum papillosum dominated hum-
mocks which lead in the oldest stages to colonization by Sphagnum fuscum,
a species characteristic of bog hummocks.
Fig. 3. The relationships between the rates of N2 fixation, CH4 oxidation
and phosphorus content in Sphagnum moss samples of different succes-
sional stages of peatlands (●, meadow; ■, mesotrophic fen; ▲, oligotrophic
fen, and ▼, fen-bog transition). (A) The relationship between N2 fixation (ln
transformed) and moss P content (ln N2 fixation = 1.25 ± 0.14[P content]+
0.36 ± 0.13 (coefficient ± SE), R2 = 0.49, df reg, res 1,82; Table S5). The moss N:P
ratios >16 indicating P limitation (32) are shown with open symbols. Aver-
ages for all four treatments per microhabitat and stage are shown (n = 84
incubations). (B) The Spearman rank correlation between the rates of CH4
oxidation (measured as biomass incorporation of CH4-derived C) and CH4-
induced N2 fixation (calculated as the difference in N2 fixation between
15N2+
13CH4 and
15N2 only treatments). The moss P content <0.5 mg·g
−1 is












Fig. 4. The interplay of N2-fixing bacteria in the upper moss vegetation.
Phototrophic, heterotrophic, and methanotrophic bacteria all take part in
the fixation of atmospheric N2 to plant available N (NH4
+). The supply of CH4
may support the direct methanotrophic N2 fixation, but it may also provide
additional CO2 for phototrophic microbes, as well as for the moss itself. Both
phototrophs and methanotrophs provide organic molecules (CH2O) to het-
erotrophic N2 fixers. Methanotrophic activity may also decrease the oxygen
tension, providing a more suitable microenvironment for the oxygen-sensi-
tive nitrogenase enzyme complex.






Field Experiment. In early June 2010, we collected the dominant Sphagnum
mosses from both flark and hummock habitats at each site. Moss sampling was
based on a vegetation survey made earlier at the sites (23). We incubated the
moss samples in situ for 2 d under three treatments (A 15N2+
13CH4, B
15N2, and C
unlabeled control), each under prevailing light conditions (day length 20 h) and
in the dark. We hypothesized that in the 15N2+
13CH4 treatment under prevailing
light conditions, all potential diazotrophs (cyanobacteria, heterotrophs, meth-
anotrophs) can be active. In the 15N2 treatment under prevailing light, cyano-
bacteria and heterotrophs can actively fix N2. The
15N2 treatment in the dark will
provide information on the activity of heterotrophs other than obligate meth-
anotrophs. Additionally, the 13CH4 treatments will determine the incorporation
of CH4-derived C in to the microbial biomass. Under prevailing light, this
treatment will also show the potential of mosses to use CH4-derived CO2 in
photosynthesis. Mosses (1 g in dry mass) were incubated in situ in 120-mL glass
vials. Only the upper, live parts were used in the incubation, and 10 mL of water
from the sampling site was added into the vials to keep the samples moist. A
volume of 20 mL of air was removed, and 20 mL of 15N2 tracer gas [98% (vol/vol)
enriched; Cambridge Isotope Laboratories] and 1.2 mL of 13CH4 tracer gas [99%
(vol/vol) enriched; CK Gas Products] were injected into the vials to reach head-
space enrichment levels of 21% (vol/vol) and 99% (vol/vol) for 15N2 and
13CH4,
respectively. Control samples were incubated in the ambient air, and the dark-
treated samples were covered with aluminum foil. The vials were placed where
the samples were collected, so that half of the vial remained above the water
level. Incubations were terminated after 45 h by opening the vials, emptying
them of water, and freezing them at −20 °C. Then the samples were dried at +
50 °C to a constant mass and analyzed for their bulk δ15N and δ13C values and
C and N contents using a stable isotope ratio mass spectrometer as described in
ref. 8. The internal precision (SD of replicate standards) of the isotope analysis
was always better than 1.5‰ for δ15N and 0.1 for δ13C.
During the field incubations, the temperature in the moss layer (measured
by using iButton; Maxim) averaged 14.7 °C, with a range of 5–30 °C, and did
not differ significantly among the sites. In each microhabitat, we measured
the water table depth within a pipe well and drew pore water samples to
determine pH and dissolved CH4 concentrations. The CH4 concentration in
water samples of 10 mL was determined by using the headspace equilibra-
tion technique (39) by following ref. 4. The concentration of CH4 was ana-
lyzed in the gas headspace by using a gas chromatograph equipped with
flame ionization detector (Agilent 7890A; Agilent Technologies). Dis-
solved CH4 concentrations were calculated from headspace concentrations
according to Henry’s law by using the values after ref. 40. We took
volumetric samples of each moss species from the uppermost 10 cm to de-
termine density. After removing debris and other mosses, volumetric sam-
ples of Sphagnum were dried at 60 °C for 48 h and weighed to convert the
incubation results to N2 fixation and CH4-C biomass incorporation (CH4 ox-
idation) rates per peatland surface area (m2). A subset of plots (n = 1 in each
stage) was surveyed for the relative proportions of flark and hummock
habitats by measuring the water table depth in a network of 8–12 wells.
Phosphorus, Fe, and Mo (below detection limit) contents in the tissue of the
incubated Sphagnum samples were extracted with NHO3 by using wet di-
gestion (EPA-3051) and measured by using a plasma emission spectrometer
(ICP-OES; IRIS Intrepid ll XSP).
Data Analyses. The rates of N2 fixation and CH4 oxidation measured as CH4-C
incorporation in to the moss biomass were calculated as enrichment values
and thereafter as fixation rates (nmol·g−1 of dry moss·h−1) by following ref. 8.
The values represent the actual 15N and 13C uptake in each sample during
the 45-h incubation. The rates of N2 fixation, CH4-induced N2 fixation, and
CH4-C biomass incorporation were natural-log (ln) transformed to meet the
requirements of normality. The effects of terrestrial age and treatments on
N2 fixation rates were analyzed with four-way nested analysis of covariance
(ANCOVA) with successional stage, site nested within the successional stage,
light treatment, and CH4 treatment as the four factors. Water table depth
was used as a covariate to take in to account microtopography. The effects
of terrestrial age and light on the rates of biomass incorporation of CH4-
derived C were analyzed with three-way nested ANCOVA with successional
stage, site nested within the successional stage and light treatment as the
three factors and water table depth as a covariate. Pair-wise differences in
successional stages were tested by using Bonferroni post hoc tests. The
relationships between environmental variables (nutrient contents, water
table depth, water pH, and CH4 concentration) and N2 fixation, CH4-induced
N2 fixation, and the biomass incorporation of CH4-derived C were analyzed
by using Spearman rank correlations and stepwise regressions.
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